During the rapidly solidified powder metallurgy processing of aluminum alloys, the vacuum degassing process should be carried out before powder consolidation in order to remove the adsorbed moisture and gaseous species that are harmful to consolidation from the powder-oxide skin. Therefore it is important to clarify the effect of vacuum degassing on surface characteristics of the gas-atomized aluminum alloy powders. Temperature-programmed desorption measurement on the Al-Ti-Fe-Cr and Al-Zn-Mg-Cu-Ag powders exposed to humid air, dry air and high purity argon gas was performed to determine the gas species evolved during degassing. It was found that the surface composition and processing atmosphere had a strong influence on the gas desorption behavior and on the surface characteristics of the powders. Adsorbed H 2 O on the surface of the powders brought about the formation of fresh Al 2 O 3 layer by the reaction, 2Al + 3H 2 O = Al 2 O 3 + 3H 2 , although adsorbed oxygen caused no formation of fresh Al 2 O 3 during degassing. The surface oxide of the Al-Zn-Mg-Cu-Ag powder was more prone to hydration than that of AlTi-Fe-Cr powder. Accordingly, the formation of fresh Al 2 O 3 on the Al-Zn-Mg-Cu-Ag powder at low temperature of 390 K occurred during vacuum degassing with much H 2 O adsorbed. On the other hand, Al-Ti-Fe-Cr alloy powders had less adsorbed H 2 O, resulting in the formation of fresh Al 2 O 3 above 450 K during vacuum degassing.
Introduction
Nanocrystalline aluminum based alloys prepared by rapidly solidified powder metallurgy (RS P/M) technique are attractive materials for structural applications because of their high strength. New breed of RS P/M aluminum alloys is being considered for wide engineering applications. Al-ZnMg-Cu-Ag RS P/M alloys with high strength at ambient temperature have been developed. 1) Al-Ti-Fe-Cr RS P/M alloys 2) are also expected to be applied as elevated-temperature materials such as Al-Fe-Ce, Al-Fe-Mo and Al-Cr-Zr RS P/M alloys, 3, 4) because the additional elements exhibit low diffusion coefficient in aluminum. In order to develop the high strength RS P/M aluminum alloys, it is important to establish the each part of RS P/M processing that consists of the powder preparation, vacuum degassing and consolidation. The P/M consolidation processes are required to produce materials having the optimum properties without losing the metallurgical advantages gained through RS powder preparation. 5) Powder extrusion has been employed to consolidate particular RS alloy powders in order to prevent decomposing the rapidly quenched phases. Although the extrusion techniques realize the dense compaction and the formation of metal-to-metal bonding between powder particles simultaneously, the vacuum degassing process should be carried out before extrusion in order to remove the adsorbed gases and water from the oxide surface of the powder particles and to transform the ductile aluminum hydroxide into brittle crystalline -Al 2 O 3 . The vacuum degassing process has a strong influence on the connecting between powder particles during consolidation and the strength of the extruded alloys. The excess of degassing leads to decomposition of rapidly quenched phases. On the other hand, the insufficiency of degassing causes the failure of consolidation and the occurrence of blister in the final products at high temperature. The efficiency of the degassing process can be maximized if the kinetics of the degassing process is known. It can be speculated that the degassing behavior is related to the processing atmosphere and the surface condition that is determined by alloy compositions. Temperature-programmed desorption (TPD) measurement using quadrupole mass spectroscopy is useful to monitor the gas species given off surface of powder particles during degassing. In the present study, vacuum degassing behavior has been investigated by the TPD measurement of the RS AlZn-Mg-Cu-Ag and Al-Ti-Fe-Cr alloy powders exposed to highly pure argon gas, dry air and humid air in order to understand the kinetics of the degassing process involved.
Experimental
The powder samples examined in this study were The RS alloy powders of about 25 mm of mean particle diameter were formed from master alloy ingots by high-pressure argon gas atomization technique. The powder particles had spherical shape and smooth surface. In order to prevent oxidation of alloy powders, all the processes, that is, collecting and sieving of atomized powders, packing of them into the air-tight sample tube for TPD measurement apparatus, were performed in a closed chamber and globe box, in which oxygen and moisture contents in the argon atmosphere were maintained less than 0.5 ppm by a gaspurifier.
5) The air-tight sample tube taken out of the globe box was connected to TPD measurement apparatus. Prior to TPD measurement, sample powders were exposed to high purity argon gas with less than 0.5 ppm of oxygen and moisture (clean powder), dry air with less than 20 ppm of moisture (powder exposed to dry air), and humid air with more than 40% of humidity at room temperature (powder exposed to humid air) for more than 12 hours. The aluminum alloy powders were heated at a constant rate of 5 K min À1 in vacuum of 10 À3 Pa for TPD measurement. The gas desorbed from powder surface was continuously analyzed by a quadrupole mass spectrometer. X-ray photoelectron spectroscopy (XPS) for surface regions of the powder was carried out in a VG Scientific Sigma Probe. Composition of the surface layer was quantitatively determined by the previously proposed method using integrated intensities of XPS spectra. 6) 3. Results and Discussion Figure 1 shows the TPD spectra on the Al 91:59 Zn 4:18 -Mg 3:55 Cu 0:68 Ag 0:01 alloy powders exposed to humid air, dry air and highly pure argon gas. In the TPD spectra of the powder exposed to humid air, desorption of hydrogen, water, oxygen and carbon monoxide was observed as shown in Fig.  1(a) . Hydrogen desorption increased sharply at low temperature of 390 K and remained constant but started to increase again at 670 K. H 2 O desorption also increased steeply at 400 K and then decreased gradually. As shown in Fig. 1(b) , desorption of hydrogen, carbon monoxide and carbon dioxide can be detected for the powder exposed to dry air. Hydrogen desorption increased with increasing degassing temperature. The carbon dioxide desorption resulting from decomposition of magnesium carbonate increased at high temperature of about 600 K. The TPD spectra of the clean powder exhibited no peak as shown in Fig. 1(c) . Figure 2 shows the TPD spectra on the Al 92:5 Ti 2:5 Fe 2:5 Cr 2:5 alloy powders exposed to various atmospheres. It is clear from Fig. 2(a) that hydrogen is produced on the surface of the Al 92:5 Ti 2:5 Fe 2:5 Cr 2:5 powder exposed to humid air. Hydrogen desorption increases at 450 K and then remained constant up to 620 K but began to increase sharply at 620-660 K and peak at 720 K. On the other hand, from the TPD spectra of the powder exposed to dry air and the clean powder, no gas desorption is observed as shown in Figs. 2(b) Hydrogen desorption at low temperature of about 390 K is the feature of the degassing behavior of the argon gas-atomized Al 91:59 Zn 4:18 Mg 3:55 Cu 0:68 Ag 0:01 alloy powder. This result on the argon gas-atomized powder differs from the degassing behavior on the air-atomized Al-Zn-Mg-Cu powder reported previously. 8) According to some previous and more recent studies on the air-atomized aluminum alloy powders, 9) water evolves at temperatures up to 623 K as a result of the following reaction,
and hydrogen is given off above 473 K as a result of
Air-atomized powder has thick hydrated aluminum oxide layer naturally. The undecomposed hydrated aluminum oxide layer obstructs the outerward diffusion of Al 3þ through the aluminum oxide layer.
10) Accordingly, reaction eqs. (4) and (5) don't occur below 473 K, resulting in no hydrogen desorption. However, in the present study, the possibility of the hydrogen production reaction eqs. (4), (5) and (6) below 473 K is confirmed by TPD measurements as shown in Fig.  1(a) . The argon gas-atomized powders have only thin hydrated aluminum oxide layer. The outerward diffusion of Al 3þ through thin hydrated aluminum oxide layer may occur. Consequently, the reaction of adsorbed H 2 O with aluminum results in fresh Al 2 O 3 formation and hydrogen gas release at low temperature during vacuum degassing by the reaction of eqs. (4) and (5) . Furthermore, the reaction of adsorbed H 2 O with magnesium brings about the formation of fresh MgO and hydrogen liberation during vacuum degassing by reaction of eq. (6) . There are aluminum oxide, adsorbed oxygen and adsorbed H 2 O originated from residual moisture in the dry air on the particle surface of Al 91:59 Zn 4:18 -Mg 3:55 Cu 0:68 Ag 0:01 powder exposed to dry air. Adsorbed oxygen doesn't react, but adsorbed H 2 O reacts with aluminum during vacuum degassing as shown in Fig. 1(b) . The powder exposed to highly pure argon gas has only thin aluminum oxide layer on its surface. It is natural that no reaction occurs on the surface of clean powder particles during vacuum degassing as shown in Fig. 1(c) .
In the case of the Effect of Vacuum Degassing on Surface Characteristics of Rapidly Solidified Al-Based Alloy Powdersvacuum degassing. On the surface of the powder particles exposed to highly pure argon gas, no reaction occurs because adsorbate is only argon gas with less than 0.5 ppm of oxygen and moisture.
Conclusions
The (3) In the case of the powder exposed to high purely argon gas, both of the alloy powders had no reaction on their surface during vacuum degassing.
